The effects of chronic stress on the renin-angiotensin-aldosterone system were studied by analysis of plasma hormone levels, kidney renin mRNA levels, adrenal angiotensin II receptors, and steroidogenesis in rats subjected to repeated immobilization (2 h daily) or intraperitoneal injections of 1.5 M NaCl for 14 d. 24 h after the last stress in both stress models, plasma aldosterone levels were reduced in spite of significant increases in plasma renin activity. Repeatedly intraperitoneal hypertonic saline-injected rats showed plasma renin activity responses to acute immobilization similar to controls, but markedly reduced plasma aldosterone responses. Concomitant with the increases in plasma renin activity, renin mRNA levels in the kidney were significantly increased in intraperitoneal hypertonic saline-injected rats, and these increases were prevented by ,B-adrenergic receptor blockade with propranolol. In isolated adrenal glomerulosa cells from chronically stressed rats, maximum aldosterone responses to angiotensin II, ACTH, and 8-Br-cAMP were significantly decreased, whereas pregnenolone responses were increased. P450-aldosterone synthetase mRNA levels and binding of '"I-[Sar',Ile8]angiotensin II were significantly reduced in the adrenal zona glomerulosa of stressed rats. These studies show that chronic repeated stress leads to renin stimulation due to sympathetic activation, and inhibition of aldosterone secretion due to inhibition of the late steroidogenic pathway. The data provide evidence for a role of chronic stress in the development of hyperreninemic hypoaldosteronism. (J. Clin. Invest. 1995. 96:1512-1519
Introduction
A large body of evidence suggests that a relationship exists between the renin-angiotensin-aldosterone system and the stress response. In addition to activation of the hypothalamicpituitary-adrenal axis and the sympathoadrenal system, which are the major neuroendocrine components of the acute stress response (1) (2) (3) (4) , most physical-psychologic stress paradigms ity (PRA)' and plasma aldosterone levels (5) (6) (7) (8) (9) (10) . PRA is elevated after immobilization, handling, and head-up tilt in rats, and arithmetic or intelligence quotient tests in humans (5) (6) (7) (8) (9) (10) . The mechanism by which PRA increases in response to acute stress involves sympathetic activation, since the increases are attenuated by renal denervation and ,3-adrenergic blockers (5, 11, 12) .
With respect to aldosterone secretion, since plasma levels of the potent aldosterone stimulants, ACTH and angiotensin II (All), markedly increase after acute stress, it is not surprising that plasma aldosterone levels are also elevated (8, 10) . However, the control of aldosterone secretion largely depends on the interaction of AH with other regulators ( 13) , and little is known about the consequences of chronic stress on steroidogenesis in the adrenal glomerulosa cell.
Mineralocorticoids, as well as the peripheral and central renin-angiotensin systems, have been implicated in the pathogenesis of cardiovascular disorders such as hypertension and myocardial disease (14, 15) . Therefore, it is of considerable interest to understand the mechanisms by which chronic stress influences the renin-angiotensin-aldosterone system. The objective of these studies is to investigate the effects of two chronic intermittent stress paradigms, repeated immobilization, and repeated intraperitoneal (i.p.) hypertonic saline injection, on renal renin expression and on adrenal glomerulosa function. The results of these studies show that chronic stimulation of the hypothalamic-pituitary-adrenal axis and sympathetic system during repeated stress leads to hyperreninemic hypoaldosteronism, as a result of increased renin production by the kidney and inhibition of the late steroidogenic pathway.
Methods
Animal procedures. Male Sprague-Dawley rats (Zivic Miller Laboratories, Zelienople, PA) weighing 320-350 g were housed three per cage in a controlled environment (14 h light; 10 h dark) with free access to food and water. Rats were handled daily for 3-7 d before the experiment to minimize stress of experimental manipulation and randomly assigned to control and chronically stressed groups. Rats were subjected to chronic intermittent stress by daily i.p. injections of 5 ml of 1.5 M NaCl (7.5 meq Na/d) or immobilization, 2 h daily, for 14 d. In some experiments, 24 h after the last hypertonic saline injection, animals were tested for their PRA and aldosterone responses to an acute novel stress and killed by decapitation for blood and tissue collection. In these experiments, rats were subjected to immobilization stress by placing them into a 2.5 x 6-in plastic restrainer (Harvard Apparatus Inc., South Natick, MA) for 30 min. 5-8 ml of trunk blood was collected into icecold plastic tubes containing EDTA, centrifuged, and the plasma stored for 2-7 d at -700C until analyzed for PRA, aldosterone, corticosterone, 1 . Abbreviations used in this paper: All, angiotensin II; i.p., intraperitoneal; PRA, plasma renin activity. and ACTH by radioimmunoassay ( 16, 17) . All animal procedures were approved by the National Institute of Child Health and Human Development Animal Care Users Committee.
Determination of renin mRNA by Northern blot. Immediately after decapitation, kidneys were frozen in liquid nitrogen in RNase-free plastic tubes and stored at -70'C until mRNA preparation. 30 /tg of total RNA prepared from one kidney using kit reagents (RNAzol; Tel-Test, Inc., Friendswood, TX). 30 jsg of RNA was fractionated in a denaturing formaldehyde-agarose (1.2%) gel, transferred to a maximum strength Nytran® Plus membrane (Schleicher & Schuell, Inc., Keene, NH), and hybridized for 18 h at 420C with 2 x 107 cpm of a 32P-random primed (sp act 1 x 109 dpm/Ig) 911-bp, pst-sac cDNA fragment of mouse renin-1, kindly provided by Dr. Kenneth Gross (Roswell Park Memorial Institute, Buffalo, NY), in 0.25 ml of hybridization buffer per cm2. The mouse renin-1 cDNA has 84% homology with rat renin and has been shown to hybridize with a single RNA species in the rat kidney with the expected molecular size for rat renin (18, 19) . To quantitate the amount of RNA per lane, filters were further hybridized for 3 h with 2 x 10 cpm of a 32P-random primed 700-bp cDNA fragment of cyclophilin, prepared from a cDNA clone kindly provided by Dr. L. Charnas, (National Institute of Child Health and Human Development, National Institute of Health). After hybridization, membranes were washed once with lx SSC/0.5% SDS for 20 min at room temperature, followed by two 20-min washes with 0.2x SSC/0.5% SDS at 68TC. Membranes were air-dried and exposed overnight to X-OmatAR film (Eastman Kodak Co., Rochester, NY) for (20) . Receptor concentration and binding affinity were calculated using the computer program Ligand (21) .
In vitro steroid responses in isolated adrenal glomerulosa cells. Adrenals from 10 rats per group were immediately removed after decapitation and collected in medium 199, containing 3.5 mM KCI at room temperature. After removing the surrounding fat, adrenal capsules containing the zona glomerulosa were minced and subjected to collagenase digestion and mechanical dispersion as previously described (22) . Cells from each experimental group were resuspended in medium 199 containing 4.5 mM KCl and 0.1% BSA at a concentration of 50,000 cells/ ml. For aldosterone responses, I-ml aliquots of the cell suspension were incubated for 2 h at 37°C under 5% C02/95% 02, in the presence of increasing concentrations of ACTH or All.
To measure the activity of side-chain cleavage enzyme, pregnenolone accumulation was measured after incubation of the cells with maximum stimulatory concentrations of ACTH, AII, or 8-Br-cAMP, in the presence of 1 sM of the cyanoketone derivative, WIN 19598, to inhibit 3,/-hydroxysteroid dehydrogenase (23) . At the end of the incubation, cells were removed by centrifugation, and the supernatant was stored at -20°C for steroid determination by RIA. Aldosterone was measured using solid-phase kit reagents and '25I-labeled aldosterone (Coat-aCount®; Diagnostic Products Corp., Los Angeles, CA). Pregnenolone was measured by RIA as previously described (23).
P450-11/3-hydroxylase and aldosterone synthetase mRNA levels. Levels of mRNA for cytochrome P450-1 1I/-hydroxylase and aldosterone synthetase were measured by in situ hybridization. Adrenal glands were rapidly removed, cleaned from surrounding fat, frozen in embedding matrix (M-1; Lipshaw, Pittsburgh, PA) in dry ice, and stored at -70°C until processing. 12-ym sections were cut in a cryostat at -18°C, thawed, and mounted on gelatin double-coated slides, and stored at -70°C until hybridization. 48 
Results
The effects of repeated stress for 14 d on basal levels of plasma ACTH, corticosterone, aldosterone, and PRA are shown in Table I. 24 h after the last exposure to immobilization or i.p. hypertonic saline injection, plasma ACTH levels were similar to those in controls, while plasma corticosterone levels were significantly elevated in rats subjected to repeated i.p. hypertonic saline injection but not after repeated immobilization. Basal plasma aldosterone levels were significantly reduced in both chronically stressed groups, whereas PRA was significantly elevated.
To determine the responsiveness to acute stimulation in chronically stressed rats, PRA and plasma aldosterone levels were measured after 30 min immobilization in rats subjected to repeated i.p. hypertonic saline injection (Fig. 1) . In spite of increased basal PRA in rats receiving repeated i.p. hypertonic saline injections (Table I) , acute stress (30 min immobilization) resulted in similar responses in both groups, with increases from 1.1+0.2 to 12.8±4 ng/ml per h in controls, and from 3.3±0.4 to 13.8±2 ng/ml per h in the chronically stressed group. On the other hand, plasma aldosterone responses to immobilization were significantly reduced in chronically stressed rats, with increases from 11.4±1.3 to 48.1±5.5 ng/dl in controls, and from 6.9±0.4 to 22.9±4.1 ng/dl in hypertonic saline-injected rats. after chronic stress was studied by analysis of renin mRNA levels in kidneys from rats subjected to repeated stress or increased sodium intake (Fig. 2) . Northern blot analysis of total kidney RNA from control rats revealed a 1.6-kb band consistent with the expected molecular size of renin mRNA in the rat. After repeated immobilization for 14 d, renin mRNA levels showed a tendency to increase from 32.8±3.5 to 40.4±1.2 arbitrary U but were not significantly different from controls. On the other hand, repeated i.p. hypertonic saline injection resulted in significant increases in renin mRNA in the kidney (53.3±2.2 U, P < 0.01), while administration of similar amounts of NaCl in the drinking water for 12 d caused a marked 94% decrease in renin mRNA levels (1.9±1.8 U).
To determine whether sympathetic activation during chronic stress is responsible for the increased levels of renin mRNA in the kidney, rats were implanted with propranolol pellets, 200 mg, subcutaneously (Innovative Research, Toledo, OH) 24 h before initiation of repeated i.p. hypertonic saline injections. As shown in Table HI , ,-adrenergic blockade with propranolol had no effect on the decrease in plasma aldosterone but markedly attenuated the increase in basal PRA and renin mRNA in the kidney observed after i.p. hypertonic saline injection.
Steroid responses in isolated glomerulosa cells. As shown in Fig. 3 was increased in cells from chronically stressed rats (Fig. 4) . Basal pregnenolone accumulation was similar in cells from controls, immobilized, and i.p. hypertonic saline-injected rats (49.3±8.7, 46.3±6.4, and 48.6+8.0, respectively), whereas responses to All were increased by 28 and 35%, to ACTH by 34 and 63%, and to 8-Br-cAMP by 42 .2 and 71%, respectively.
Adrenal levels of P450-11/3 and P450-aldosterone synthetase mRNA. The cellular mechanism of the inhibition of aldosterone secretion during chronic stress was studied by analysis of mRNA levels of enzymes of the late steroidogenic pathway in the adrenal. In situ hybridization analysis of the distribution of aldosterone synthetase and 11/3-hydroxylase mRNAs in the adrenal of control rats revealed differential expression of these enzymes in the adrenal cortex. While aldosterone synthetase mRNA was detectable only in the subcapsular outermost portions of the cortex corresponding to the zona glomerulosa, P450-11/ mRNA was absent in the zona glomerulosa but was present throughout the inner zones of the cortex (Fig. 5 ). After repeated immobilization or i.p. hypertonic saline injection, the intensity of hybridization for P450-113 mRNA in the adrenal zona fasciculata was similar to that in controls. However, the labeled area was significantly increased in adrenals from the chronically stressed groups, especially after repeated i.p. hypertonic saline injection, where P450-11,/-hydroxylase hybridization appear to overlap with the area hybridized with aldosterone synthetase in the zona glomerulosa (Fig. 5) . Computer analysis of the areas enclosed by hybridization for both enzymes' mRNAs in consecutive adrenal sections in 12 adrenals per group showed that in control adrenals the area delineated by aldosterone synthetase was significantly larger than that circumscribed by P450-i 1/-hydroxylase (3,105+±92 and 2,700±97 pixels, P < 0.05), whereas no significant difference was present after repeated i.p. hypertonic saline injection (3,062±105 and 3,052±81 pixels), or immobilization 
Discussion
These studies demonstrate that chronic physical-psychological stress leads to sustained stimulation of renin expression in the kidney with a concomitant reduced capacity of the adrenal zona glomerulosa to secrete aldosterone. These abnormalities are similar to those observed in some critically ill patients (25) (26) (27) and in models of tumor-induced hypercalcemia in the rat (28) , suggesting that chronic stress of severe illness may account for the hyperreninemic hypoaldosteronism observed in these patients. Studies in rats and humans have shown that increases in PRA are a component of the acute stress response (5) (6) (7) (8) (9) . The present demonstration of elevated renin mRNA levels in the kidney of repeatedly stressed rats indicates that increased renin synthesis is at least partially responsible for the increases in PRA. In addition, it is clear from these experiments that intermittent stressful stimuli are capable of inducing chronic elevations in renin activity. The ability of the P-adrenergic antagonist, propranolol, to prevent the increases in basal PRA and kidney renin strongly suggests that sympathetic activation is responsible for the increased renin expression and secretion. Similarly, the increases in PRA in response to acute immobilization and head-up tilt are suppressed by propranolol (12) indicating that PRA responses to acute stress are also mediated by sympathetic activation. However, it is not possible to rule out the possibility that stress-induced activation of serotoninergic pathways known to influence renin secretion (29, 30) may also contribute to the increased renin expression in the kidney. It is noteworthy that the highest stimulation of renin mRNA and PRA was observed after repeated i.p. hypertonic saline injections, despite a considerable degree of sodium loading (31) . The daily amount of sodium administered with the i.p. injections (420 mg) is similar to the daily sodium intake in rats drinking 2% NaCl solution, in which renin mRNA levels in the kidney were markedly reduced. This indicates that sympathetic stimulation during repeated stress is able to overcome the inhibitory effect of sodium loading on renin expression.
The rate-limiting enzyme in aldosterone biosynthesis is aldosterone synthetase, which catalyzes the conversions of deoxycorticosterone to corticosterone and from corticosterone to aldosterone in the zona glomerulosa of the adrenal (13, 32) . The amino acid sequence of aldosterone synthetase shows > 80% homology with 1 1/-hydroxylase, which converts deoxycorticosterone to corticosterone or deoxycortisol to cortisol in the zona fasciculata (32) . The topographic distribution of the mRNAs for both enzymes shown by the present in situ hybridization studies suggests that in normal conditions 1 116-hydroxylase is exclusively located in the zona fasciculata. A differential distribution of these enzymes is evident in recent detailed in situ hybridization studies using light microscopy analysis of emulsion dipped sections in which autoradiographic grains corresponding to aldosterone synthetase mRNA overlay cells of the zona glomerulosa, whereas 1 13-hydroxylase mRNA is in the zona fasciculata and absent in glomerulosa cells (Feuillan, P., and G. Aguilera, manuscript in preparation). In contrast to control rats, the present studies suggest that in chronically stressed rats 1 1/3-hydroxylase is also present in the subcapsular area of the adrenal cortex. Although in these experiments technical problems prevented light microscopic examination of the slides, the overlap between the areas hybridized with both probes in the adrenal of chronically stressed rats strongly suggests that 1 1,/-hydroxylase mRNA has been induced in adrenal glomerulosa cells. An analogous situation has been shown by in vitro studies in which 17,/.-hydroxylase, an adrenal fasciculata enzyme, is induced in bovine adrenal glomerulosa cells exposed to ACTH during culture (33, 34) . In the present experiments, basal plasma ACTH levels measured 24 h after the last stress exposure were normal. However, the repeated increases in circulating ACTH after each stress exposure (1, 4, 31, 35) are sufficient to induce fasciculata phenotype in adrenal glomerulosa cells, as suggested by the ability of daily pulses of low concentrations of ACTH in cultured bovine adrenal glomerulosa cells to progressively increase cortisol production and 17/3-hydroxylase mRNA levels while decreasing aldosterone output (34) .
The aldosterone responses of isolated adrenal glomerulosa cells as well as the decreases in aldosterone synthetase mRNA levels indicate that the reduced capacity of the adrenal of chronically stressed rats to secrete aldosterone is due to inhibition of the late biosynthetic pathway. The inhibition of aldosterone secretion in the presence of increased PRA suggests the involvement of an inhibitory factor, capable of counteracting the stimulatory action of All. Circulating levels of a number of factors with known or potential inhibitory activity on aldosterone secretion, such as ACTH, dopamine, atrial natriurectic peptide, cytokines, and others, increase in response to stress (1-4, 10, 36) .
The abnormalities of adrenal zona glomerulosa function in the present experiments resemble the changes observed after chronic ACTH administration (37) , suggesting that stress-induced ACTH secretion is responsible for decreased aldosterone secretion. Although ACTH is a potent stimulant of aldosterone secretion in acute conditions, prolonged administration in humans or rats causes a decline of plasma aldosterone to basal levels (37) (38) (39) (40) (41) , associated with decreases in adrenal glomerulosa All receptors, increases in side-chain cleavage activity, and marked decreases in aldosterone synthetase activity (37) . Studies in humans have shown that prolonged ACTH administration inhibits aldosterone secretion in spite of high renin activity (41), which would be homologous to the present experimental conditions. Supporting the participation of ACTH, the severity of the adrenal changes during chronic stress appear to be proportional to the magnitude of the ACTH responses to stress. In this regard, the more profound inhibition of adrenal glomerulosa function was observed after repeated i.p. hypertonic saline injection, a stress paradigm in which there is no desensitization of the ACTH responses to the repeated stimulus (31), whereas a milder inhibition was found after chronic immobilization, a stress model in which the magnitude of ACTH responses decreases with repeated exposure to the stimulus (4, 35) . A similar mechanism for the hypoaldosteronism has been postulated in critically ill patients, in whom increased ACTH secretion may lead to adaptational changes in the adrenal with a shift of steroidogenesis from mineralocorticoid to glucocorticoid secretion (27) .
In addition to ACTH, other factors such as catecholamines, atrial natriuretic peptide, and cytokines may contribute to the inhibition of adrenal glomerulosa function during chronic stress. The stress response is characterized by marked release of norepinephrine from sympathetic terminals and epinephrine and dopamine from the adrenal medulla ( 1-3 ). Since dopaminergic mechanisms are involved in reducing the sensitivity of the adrenal glomerulosa to All during high sodium intake (42) , dopamine may contribute to the inhibition of aldosterone secretion after repeated stress. With respect to catecholamines, while some studies in humans indicate that infusion of norepinephrine stimulates aldosterone secretion through stimulation of renin, other studies suggest an inhibitory effect (43, 44) . In vitro studies have shown that catecholamines have no effect on aldosterone production in freshly prepared bovine (45, 46) , rat, or human (47) adrenal glomerulosa cells, whereas a stimulatory effect has been observed in cultured bovine cells (46) . Atrial natriuretic peptide should also be considered as a potential inhibitor of adrenal glomerulosa function during chronic stress. Atrial natriuretic peptide is a potent inhibitor of aldosterone secretion (17, 48) , and plasma levels increase during acute immobilization (10) , and presumably after hypertonic saline injection. Other inhibitors of aldosterone secretion including cytokines, TNF, and IL-1 (49) are unlikely to play a role in the present experiments, but they could alter adrenal function in other chronic stress conditions such as inflammatory diseases or severe illness.
In conclusion, these studies show that chronic repeated stress leads to sustained stimulation of the juxtaglomerular cells due to sympathetic activation and inhibition of aldosterone secretion due to inhibition of the late steroidogenic pathway. Although the relative role of ACTH and other factors in the inhibition of aldosterone secretion remains to be elucidated, the alterations of the renin-angiotensin-aldosterone system observed in the present experimental conditions provide evidence for a role of chronic stress in the pathogenesis of cardiovascular disease.
